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A.  Statement  of  the  Prohlem  Studied 

A  new  technique  for  characterizing  the  velocity  distributions  of  state-selected  reaction 
products  was  developed  for  analyzing  the  reactions  of  hydrogen  atoms:  the  three  dimensional  velocity 
distribution  of  product  fragments  is  determined  by  ionizing  the  appropriate  species,  waiting  for  a 
delay  while  the  species  separate  along  their  trajectories,  and  then  projecting  the  spatial  distribution 
of  ions  onto  a  two-dimensional  screen.  The  objectives  of  this  work  were  to  develop  the  new 
technique  and,  eventually,  to  apply  it  to  use  it  in  order  to  characterize  the  reactions  of 
atoms  with  N02,  CH3HN02,  and  H2NN02 

B.  Summary  of  the  Most  Important  Results 

An  important  goal  of  this  work  has  been  to  develop  further  the  experimental  imaging 
technique  for  measuring  three-dimensional  velocity  distributions  of  reaction  or  photodissociation 
products.  In  this  technique,  invented  in  collaboration  with  David  Chandler,1  products  are  first  state- 
selected  by  resonance-enhanced  multiphoton  ionization  and  are  then  allowed  to  recoil  in  a  field-free 
region  according  to  their  original  velocities.  Af ter  a  suitable  time  delay,  the  three  dimensional  spatial 
distribution  corresponding  to  the  velocity  distribution  is  projected  onto  a  two-dimensional  surface 
by  applying  an  electrical  acceleration  to  the  ions.  If  the  projection  is  made  in  a  direction 
perpendicular  to  a  dynamical  axis  of  cylindrical  symmetry,  such  as  the  polarization  vector  of  the 
dissociating  light  for  a  photodissociation  or  the  relative  velocity  vector  for  a  reaction,  then  a 
straightforward  transform  can  recover  the  three-dimensional  velocity  distribution  from  the  two- 
dimensional  image.2,3 

Development  of  the  imaging  technique  has  proceeded  simultaneously  at  Sandia  and  at  Cornell. 
The  Chandler  group  has  been  extremely  successful  in  using  the  method  to  investigate  the 
photodissociations  of  CH3I,  CH3Br,  and  H2S.4"7  Our  own  efforts  have  been  aimed  at  constructing  a 
somewhat  different  version  of  the  apparatus,  one  that  is  specifically  suited  to  studying  the  above- 


mentioned  reactions. 
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1.  Apparatus  Construction 

We  describe  here  the  molecular 
beam/ion  imaging  apparatus  which  has  been 
constructed  in  our  laboratory.  Figure  1  displays 
a  schematic  diagram  of  the  instrument,  which  is 
based  on  a  modified  W'iley-McLaren  time-of- 
flight  mass  spectrometer.8  The  molecular  beam 
source  and  differential  pumping  stage,  neither 
of  which  is  shown  in  the  schematic,  are  used  to 
produce  and  collimate  a  pulsed  molecular  beam 
whose  diameter  at  the  interaction  region  is  about  1.5  mm.  For  photolysis  studies,  the  beam  is  crossed 
in  the  interaction  region  by  pulsed  radiation  from  two  laser  systems.  The  first  pulse  is  used  to 
dissociate  the  parent  molecule,  for  example  N02  (see  below),  while  the  second  pulse  is  used  to  ionize 
a  selected  state  of  the  fragment,  for  example  NO.  At  this  point,  there  is  zero  field  on  the  repeller 
plates  and  grids  of  the  spectrometer,  so  the  fragments,  now  ions,  move  forward  with  the  molecular 
beam  velocity  and  recoil  outward  from  their  center  of  mass  with  the  velocity  imparted  by  the 
dissociation;  the  ejected  electron  is  too  light  to  have  an  appreciable  influence  on  the  recoil  velocities. 
After  a  suitable  time  delay,  a  field  of  100-500  volts/cm  is  applied  to  accelerate  the  ion  "cloud" 
upward.  The  forward  velocity  is  counteracted,  if  needed,  by  applying  small  voltages  to  the  steering 
plates.  Note  that  because  of  the  design  of  the  Wiley-McLaren  instrument,  ions  originally  flying 
downward  are  accelerated  for  a  longer  time  than  those  flying  upward.  If  the  voltages  on  the  grids  and 
plates  are  properly  adjusted,  the  ion  cloud  will  be  focused  as  suggested  in  Figure  1,  which  shows  the 
shape  of  the  cloud  at  different  times  during  its  flight.  For  optimal  conditions,  the  cloud  becomes  a 
"pancake"  just  as  it  hits  the  channeltron  detector,  which  is  located  52  cm  from  the  interaction  zone. 

It  should  be  noted  that  the  design  described  above  differs  from  that  of  the  original  apparatus1 
and  from  that  currently  used  at  Sandia.4*7  Our  apparatus  accelerates  the  ions  in  a  direction 


-Camera 
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-Channel  Plates 

Ion  Cloud 
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Figure  1 .  Single  molecular  beam  apparatus  used  for 
studies  of  photodissociation  dynamics. 
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perpendicular  to  the  molecular  beam  rather  than  down  the  axis  of  the  beam.  There  are  two  reasons 
for  choosing  this  geometry.  The  first  is  that  it  allows  us  to  ensure  that  nearly  all  of  the  ions  hit  the 
channel  plate  at  the  same  time,  so  that  possible  blurring  of  the  image  due  to  different  ion  arrival  times 
can  be  minimized.  The  second  reason  is  that  this  geometry  allows  us  to  add  a  second  molecular  beam 
source  and  to  still  have  the  projection  direction  perpendicular  to  the  relative  velocity  vector  for  the 
reactants.  This  arrangement  is  important,  because  one  projection  is  sufficient  for  calculation  of  the 
full  three-dimensional  velocity  distribution  only  when  the  projection  is  made  in  a  direction 
perpendicular  to  an  axis  of  cylindrical  symmetry,  such  as  the  relative  velocity  vector  or  the 
polarization  vector  of  a  photodissociation  laser. 

The  channeltron  pair  of  Figure  1  with  its  integral  fiber  optic  bundle  was  built  to  our 
specifications  by  Galileo  Electro-Optics  Corporation.  The  channels  are  12  fim  in  diameter  separated 
by  15  /im  (center-to-center),  and  the  pair  of  plates  produces  a  gain  of  up  to  7  x  106.  Behind  each 
point  where  an  ion  strikes  the  detector,  the  amplified  electrons  are  accelerated  into  the  fiberoptic 
bundle,  whose  end  is  coated  with  a  fast  phosphor  (P47,  80  ns  response).  The  bundle  is  fed  through 
a  flange  in  the  vacuum  chamber,  and  the  image,  now  a  two-dimensional  projection  of  the  three- 
dimensional  spatial  distribution,  is  photographed  with  a  charge-injection  device  (CID)  camera 
(Xybion  Electronic  Systems)  equipped  with  a  512x512  pixel  array  and  a  gated  intensifier.  The 
intensifier  is  gated  to  capture  only  the  mass  of  interest.  Finally,  the  image  is  sent  to  a  comput¬ 
er/averager  system  formed  from  hardware  purchased  from  Poynting  Products,  Inc.  and  IBM.  We  can 
average  128  shots  into  each  of  17  stored  images  at  10  Hz  in  real  time  using  a  hard-wired,  16  bit 
averager.  Following  every  128  x  17  =  21 76  shots,  the  averaged  data  is  added  into  computer  memory, 
where  additional  software  averaging  can  be  performed  if  required.  Images  are  manipulated  on  the 
laboratory  computer  system  and  then  sent  to  an  IBM  PS/2  or  a  mainframe  computer  for  further 
analysis. 

Because  we  know  both  the  position  of  each  ion  on  the  screen  and  the  arrival  time  of  the 
pancake,  the  two-dimensional  spatial  projection  is  easily  converted  to  a  two-dimensional  velocity 
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projection.  When  the  projection  has  been  made  in  a 
direction  perpendicular  to  an  axis  of  cylindrical 
symmetry,  it  is  possible  to  calculate  the  full  three- 
dimensional  velocity  distribution  from  one  two- 
dimensional  projection  using,  for  example,  a  Hankel 
transform  2,3,9  The  procedure  is  illustrated  in  the  next 
section  where  we  present  data  obtained  on  our  instru¬ 
ment  for  the  photodissociation  of  N02. 


NOj  Photodissociation 


Figure  2.  NO(v=l,J»12f)  image  obtained 
following  photodissociation  of  NQ2 


Although  the  photodissociation  of  N02  at  wave¬ 
lengths  from  200-400  nm  has  been  studied  by  several 

previous  groups,10'14  the  angular  distribution  of  state-resolved  NO  photofragments  has  been 
performed  in  only  limited  spectral  regions.  In  order  both  to  test  our  apparatus  and  to  learn  some  new 
information  about  this  interesting  dissociation,  we  have  performed  measurements  of  the  NO(u,J) 
product  angular  distributions  following  dissociation  of  NOa  at  355  nm  using  a  tripled  YAG  laser. 
Figure  2  shows  the  image  obtained  probing 
NO(v=l ,J«1 2i)  by  1  +  1  multiphoton  ionization,  where 
the  polarization  vector  of  the  dissociating  light  is 
parallel  to  the  vertical  direction  in  the  diagram.  In 
agreement  with  the  findings  of  Busch  and  Wilson  for 
non-state-resolved  products  at  347.1  nm,11  the  raw 
data  demonstrates  that  the  angular  distribution  is 
produced  from  a  predominantly  parallel  transition.  A 
more  quantitative  measure  can  be  obtained  by  the 
following  procedure.  Since  the  photodissociation 


produces  a  symmetric  distribution  with  respect  to  both 


Figure  3.  Image  of  Figure  2,  rotated  5°  cw 
and  symmetrized 
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vertical  and  horizontal  planes,  the  data  can  be  averaged  and  symmetrized  to  produce  the  image  shown 
in  Figure  3,  which  compensates  for  the  laser  and  detector  inhomogeneities  which  cause  the  asymmetry 
in  Figure  2.  Inversion2-3  of  this  two-dimensional  projection  can  be  performed  in  order  to  obtain  the 
three-dimensional  velocity  distribution  shown  in  Figure  4,  which  provides  the  density  of  photo¬ 
fragments  at  a  particular  speed  (given  by  the  position  of  the  density  with  respect  to  the  center)  and 
at  a  given  angle.  The  three-dimensional  distribution  is  cylindrically  symmetric  about  the  vertical  axis. 
By  integrating  over  speed  at  fixed  angles,  we  can  obtain  the  angular  distribution,  or  by  integrating 
over  angles  at  fixed  speed,  we  can  obtain  the  speed  distribution.  The  former  is  characterized  by  an 
anisotropy  parameter  £=0.71  (in  1(0)  oc  [1  +  £P2(cos0)]),  as  shown  in  Figure  5.  This  value  is  in 
reasonable  agreement  with  the  value  of  £=0.74  obtained  by  Busch  and  Wilson  at  347.1  nm  averaging 
over  the  entire  NO  vibrational-rotational  distribution.  The  speed  distribution  is  characterized  by  a 
gaussian  centered  at  a  speed  of  425  m/s,  consistent  with  conservation  of  energy  constraints  for 
NO(u=l,Jwl2i)  +  0(3P2)  to  within  our  resolution. 


Figure  4.  Image  transformed  to  pro¬ 
vide  the  three-dimensional  velocity 
distribution. 


Angle  (degrees) 

Figure  5.  Angular  distribution  of  NO(u=l,  J«12±). 


State-Resolved  Differentia!  Cross  Sections  For  Reactions  of  Energetic  Materials 


Page  10 


An  interesting  phenomenon  occurs  if  we 
tune  our  probe  laser  to  monitor  NO(v=l,jRs20i). 

The  image,  shown  in  Figure  6,  appears  to  corre¬ 
spond  to  a  perpendicular  transition.  The  data  no 
longer  shows  the  double  lobe  structure  of  Figure  2 
and  Figure  3  but  rather  shows  a  single,  central 
spot  as  if  the  products  recoiled  perpendicular  to 
the  polarization  vector  of  the  dissociating  light. 

Although  this  result  is  preliminary,  it  may  indicate 
that  the  dissociation  is  more  complex  than  previ¬ 
ously  assumed.  In  particular,  one  can  reasonably  Figure  6.  Image  obtained  monitoring 

NO<o=l,J=2(H). 

question  why  the  apparent  anisotropy  should 


change  so  dramatically  with  product  internal  energy.  The  ability  of  this  technique  to  measure  velocity 
distributions  for  state-selected  products  will  be  an  important  advantage  in  this  and  other  studies. 
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the  193-nm  photolysis  of  nitromethane: 

CH3N02  +  hy  -v  CH3  +  N02(A2B2)  —  CH3  +  NO(X2tt)  +  0(3P) 
CH3N02  +  hu  -»  CH3  +  N02“;  N02‘*  +  hv  -  NO(A2£+)  +  0(3P) 
The  significant  results  and  conclusions  which 


support  this  mechanism  are  as  follows:  I)  We 
observe  a  methyl  product  with  relatively  little 
internal  excitation  and  with  a  translational  energy 
distribution  indicative  of  two  dissociation 
pathways,  as  shown  in  Figure  7.  2)  We  observe 
secondary  dissociation  products  NO(X  and  A)  and 
0(3P),  with  relatively  little  translational  energy. 
The  NO(X)  product  has  a  rotational  temperature 


j(j+d 

Figure  8.  Rotational  Distribution  of  NO(X) 
product  of  CH3N02  Photodissociation 
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of  1000  ±  100  K,  as  shown  in  Figure  8,  and  is 
primarily  formed  in  v=0.  The  NO(A)  product  is 
formed  as  a  result  of  secondary  photodissocia¬ 
tion  f  N02.  We  observe  it  by  I  +  I  ionization  of 
NO(A)  through  a  Rydberg  series  of  transitions, 
as  shown  in  Figure  9.  3)  An  impulsive  model  of 
the  CH3N02  dissociation  fits  the  observed  parti¬ 
tioning  of  energy  among  the  fragments  from  the 
major  channel,  while  the  minor  N02  dissocia¬ 
tion  channel,  involving  the  absorption  of  a  second  193-nm  photon,  is  not  well  described  by  such  a 
model. 

4.  Crossed  Molecular  Beam  Apparatus 

While  testing  the  single  beam  imaging  apparatus  by  investigating  the  photodissociations  of 
N02  and  CH3N02,  we  have  begun  construction  of  another  beam  source  so  that  we  can  explore 
inelastic  and  reactive  collisions  by  imaging  the  differential  cross  sections  for  state-selected  products. 
The  source  has  two  configurations,  one  for  forming  a  beam  of  stable  atoms  or  molecules  and  a  second 
for  producing  a  beam  of  unstable  species,  hydrogen  atoms  for  example.  The  first  configuration  is 
very  similar  to  the  source  chamber  for  the  primary  beam  and  is  pumped  by  a  6  inch  diffusion  pump 
(Varian  VHS-6)  backed  by  a  765  1/ min  rotary  pump.  The  beam  source  consists  of  a  pulsed  nozzle 
(Precision  Instrument  Services),  a  skimmer  of  1.0  mm  diameter,  and  a  short  connector  so  that  the 
beam  can  be  aligned  to  intersect  the  primary  source  in  the  interaction  region  shown  in  Figure  1.  The 
flange  separating  the  secondary  source  from  the  interaction  zone  is  equipped  with  optical  windows 
for  entering  and  exiting  laser  beams. 


Figure  9.  Rydberg  series  ionization  spectrum  of 
NO(A)  produced  by  secondary  photolvsis  of 

ch3no2. 
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